Shallow subembayments respond differently than deep channels to physical forces acting in estuaries. The U.S. Geological Survey measured suspended-sediment concentrations at five locations in Honker Bay, a shallow subembayment of San Francisco Bay, and the adjacent channel to investigate the spatial and temporal differences between deep and shallow estuarine environments. During the first freshwater pulse of the wet season, the channel tended to transport suspended sediments through the system, whereas the shallow area acted as off-channel storage where deposition would likely occur. Following the freshwater pulse, suspended-sediment concentrations were greater in Honker Bay than in the adjacent deep channel, due to the larger supply of erodible sediment on the bed. However, the tidal variability of suspended-sediment concentrations in both Honker Bay and in the adjacent channel was greater after the freshwater pulse than before. During wind events, suspended-sediment concentrations in the channel were not affected; however, wind played a crucial role in the resuspension of sediments in the shallows. Despite wind-wave sediment resuspension in Honker Bay, tidally averaged suspended-sediment flux was controlled by the flooddominated currents.
INTRODUCTION
Estuaries commonly include deeper channels and shallower shoals or subembayments. Most sediment transport studies of estuaries have focused on the deeper channels because these serve as the primary conduit of sediment between the watershed and ocean (see review by Uncles 2002) . Sediment transport in shoals and subembayments, however, will differ from that in deeper channels because of greater wind wave resuspension, proximity to shore and tributaries, and greater relative benthic filtering of the shallower water column. If the tidal and tidally-averaged exchange between deeper channels and neighboring shoals is sufficiently large, variability in one can not be explained without considering variability in the other. Wind wave resuspension in shallower water can be transported to the neighboring deep channel and increase suspended-sediment concentrations (SSC) during ebb tide and less turbid water from the deep channel can move onto adjacent shoals during flood tide (Jing and Ridd 1996; de Jonge and van Beusekom 1995; . In the Tay Estuary, sediment transport from shallow waters during ebb tide creates turbidity maxima in the deeper channel (Weir and McManus 1987) . Transport from shallow water can also change the composition of suspended sediment in a deep channel; Edelvang and Austen (1997) observed fecal pellets from shoals in the adjacent deep channel at the end of ebb tide. In these cases, the deeper channel and shoal are communicating with one another. In this paper, we compare SSC measurements in a deeper channel and adjacent subembayment that demonstrate much less communication, suggesting a somewhat independent subembayment. San Francisco Bay includes extensive shallow areas, with approximately one-half of its surface area being less than 2 m deep (Conomos and others 1985) . However, the deep channels along the spine of the bay are sampled most regularly for physical, chemical, and biological parameters (Buchanan and Ruhl 2000; Edmunds and others 1997; Webster and others 1998) . To investigate the spatial and temporal variability of SSC in shallow-water areas and deep-water channels, Honker Bay, a shallow subembayment of San Francisco Bay, and the adjacent channel were studied ( Figure 1 ). Shallow estuarine environments such as Suisun Bay are ecologically significant because a large fraction of the biota depends on these areas for shelter and nourishment (Cloern and others 1985; Caffrey and others 1998) . Suspended sediments are an important component of the estuarine environment harboring a nutrient supply, impacting light penetration through the water column, and adsorbing potential contaminants (Cloern 1987; Domagalski and Kuivila 1993) .
In this paper, we present observed spatial and seasonal patterns of SSC variability that indicate that shallow estuarine environments respond differently to physical forces than neighboring deep channel environments. Honker Bay is somewhat independent of the adjacent channel and tends to act as a temporary off-channel storage zone for sediments washed down during early winter storms, whereas the channels along the spine of San Francisco Bay tend to transport the sediments farther down-estuary. Another difference between these two environments is the effect of wind waves on SSC; wind waves successfully resuspend sediments in shallow areas but have little effect on SSC in the deep channels (de Jonge and van Beusekom 1995) . 
SITE DESCRIPTION AND DATA COLLECTION
Honker Bay is located at the eastern side of San Francisco Bay covering approximately 10 km 2 , most of which is less than 2 m in depth. Suspended sediments throughout San Francisco Bay are comprised predominantly of silts and clays. Two major features of Honker Bay are a bar at the mouth of the bay, and Spoonbill Creek, which connects the head of the bay to Suisun Bay east of Mallard Island (Figure 1 ). Very little exchange occurs across the shallow bar at the mouth of Honker Bay, and the dominant tidal currents run parallel to the bar. Additionally, the orientation of Honker Bay is such that the currents are strongly flood-dominant (Lacy 2000) . Tidally averaged flow through Spoonbill Creek is typically northward; however, southward flows through Spoonbill Creek can occur due to wind setup and a water level differential between the head of Honker Bay and the eastern side of Suisun Bay (Warner and others 1997) .
Freshwater discharge and wind are two seasonal forcing mechanisms affecting SSC in San Francisco Bay. Most precipitation occurs from December to April, causing short duration peaks in freshwater flow and increases in SSC. Baseline freshwater discharge into the bay is greatest during the spring months, as a result of runoff from snowmelt. About 90% of the discharge into the bay is from the Sacramento-San Joaquin River Delta, which drains the Central Valley of California (Smith 1987) . The peak discharge of approximately 14,800 m 3 s -1 during water year 1997 was extremely high and has been exceeded 0.01% of the time in the record collected since water year 1956 (CDWR 1986 ). Winds typically blow as an afternoon onshore breeze and generally begin to increase during the spring months and remain elevated through the summer months.
Data presented in this paper were collected from four sampling sites located in Honker Bay during two 3-month deployments and from one long-term monitoring station located in the adjacent channel ( Figure 1 ). The objective of the first deployment, from December 1996 through March 1997, was to observe the first winter freshwater pulse pushing salinity out of Honker Bay and delivering the first flush of sediment from the Central Valley watershed to the San Francisco Bay.
The objective of the second deployment, from April through August 1997, was to monitor the changes in SSC during low flows and increased wind. Not all of the data collected are presented in this paper, due to biological fouling, equipment failure, and other problems that invalidated the data.
Sites back and cmid were located in the shallowest interior parts of Honker Bay with sensors collecting data approximately 0.5 m from the bed. Sites hdol and hs2 were located on the boundary of Honker Bay with water depths of approximately 4 m and 7 m, respectively; the sensors collected data at approximately 3 m and 0.5 m from the bed, respectively. The long-term monitoring station at Mallard Island is located on the south side of the Suisun Bay channel at a depth of approximately 13.5 m. The sensor is attached to a float and measures SSC 1 m below the water surface. A second sensor collects SSC data approximately 1.5 m above the bottom; however due to instrument problems and fouling, there are significant periods of missing data during the study and the data will not be presented. Concentrations measured at the lower sensor are higher than those measured by the upper sensor; however, the patterns and responses to the physical forces discussed here are consistent between the two sensors.
Each shallow-water deployment package included a velocity meter and a conductivity-temperature-depth (CTD) probe with an additional channel programmed to collect SSC data. Each parameter was collected at ten-minute intervals. SSC was determined with optical backscatterance sensors that measure the amount of suspended material in the water, the output of which was converted to SSC using calibration curves developed from the analysis of water samples. In addition, CTD probes were programmed to collect wave data at two-hour intervals at sites cmid and back. Sensors at each of the sampling locations were serviced every three to five weeks to retrieve data, to clean the sensors to minimize biological fouling, and to collect water samples for sensor calibration.
Seasonal Variability
During both deployments, the shallow-water and deep-channel sites showed similar temporal SSC trends (Figure 2 ). In December, SSC was low throughout Honker Bay and Suisun Bay. In early January, following the extreme first flush winter storm event, SSC increased dramatically at every site. Data collected during the second deployment show consistently higher tidal variability as compared to the pre-flood conditions and similar temporal patterns associated with the spring neap cycle among the study sites; however, the amount of tidal variability at the shallow sites was approximately two times greater than at the channel station. The tidal variability of SSC in the shallow areas was on the order of 20 to 50 mg L -1 before the freshwater pulse arrived whereas the tidal variability increased to 200 to 300 mg L -1 during the second deployment. In comparison, the tidal variability of SSC at Mallard Island was approximately 10 to 20 mg L -1 before the freshwater pulse arrived and the tidal variability increased to 100 mg L -1 during the second deployment.
A similar comparison of the mean SSC during the second deployment and mean SSC before the freshwater pulse shows increases at all of the study locations (Table 1) . However, the mean SSC increased approximately three to five times between December and the spring months in Honker Bay, whereas mean SSC at Mallard Island only doubled over the same period. Although we did not see a reduction in SSC at the end of the second deployment compared to levels measured prior to the high freshwater flow event, it has been seen elsewhere in San Francisco Bay that the finer, more erodible sediments are winnowed from the bed throughout the windy season and SSC tends to decrease by fall (Krone 1979; Nichols and Thompson 1985; Schoellhamer 2002) . Our data set is, perhaps, too short to see this phenomenon during 1997; however, if the levels seen in late 1996, prior to the freshwater pulse, are typical late-fall concentrations in Honker Bay, it is reasonable to assume that sediments must be either winnowed from the bed or consolidated into a less erodible matrix to account for relatively low concentrations late in the year.
Winter Freshwater Pulse
The immediate effect of freshwater pulses in both the deep channel and the shallow water areas was an abrupt increase in SSC as sediment from the Central Valley watershed was flushed into San Francisco Bay. The first freshwater pulse of water year 1997 occurred on January 4, 1997, peaking at approximately 14,800 m 3 s -1 , and a second pulse occurred several weeks later on January 27, 1997, peaking at approximately 7,760 m 3 s -1 (CDWR 1986) . Six days of SSC data (January 1-6) were lost at all of the shallow water sites in Honker Bay due to equipment malfunction; however, the Mallard Island SSC monitoring station was operational during this period (Figure 3) . Comparison of Mallard Island data to site cmid data shows a marked difference between these two locations after the influx of sediment from the two 1997 freshwater pulses. Both sites had a baseline SSC of 25 to 50 mg L -1 before the first freshwater pulse. Mallard Island approached baseline concentrations one to two weeks after each freshwater pulse, whereas site cmid reached higher concentrations than Mallard Island and did not approach baseline concentrations until nearly one month after the second freshwater pulse. Honker Bay. Thus, sediment is more likely to deposit in Honker Bay than at Mallard Island or in the other deep channels. The newly deposited sediments then undergo cycles of resuspension by tidal currents and deposition. Tidal currents control deposition and resuspension during the winter months because wind speed is relatively low and wind-wave resuspension usually is minor. After the freshwater pulse, the primary source of suspended sediment at Mallard Island remains the decreasing riverine input, but in Honker Bay, the source of suspended sediment shifts from riverine input to tidal resuspension. By the end of February, SSC in Honker Bay has decreased to the levels at Mallard Island because of bed sediment consolidation and partial tidal-current winnowing of the sediment supplied by the freshwater pulse.
SSC time-series data in Honker Bay have broadened peaks and lag behind SSC time-series data at the Mallard Island monitoring station after each freshwater pulse, indicating that the residence time of floodderived sediments in Honker Bay is longer than in the adjacent channel. Shallow water provides temporary off-channel storage for sediment on the bay floor, which is slowly depleted through repeated cycles of resuspension, transport, and deposition.
Spring Winds
Sediment resuspension by wind waves in shallow water is an important factor controlling SSC during the spring and summer months when wind velocity increases (Krone 1979; de Jonge and van Beusekom 1995; Schoellhamer , 1997a . Wind blowing over shallow water generates waves that create a shear stress on the bay floor. Wind speed and direction were measured by the U.S. Geological Survey at a continuously operated meteorological station near Honker Bay (Figure 1 ). Linear wave theory and spectral analysis of wave data were used to calculate bottom orbital velocity . Bed shear stress is approximately proportional to the square of the bottom orbital velocity and increases as the water depth decreases (Dean and Dalrymple 1984) . Relatively large winds and the associated bed shear stress are maintained throughout the second deployment (data not shown here).
Wind waves have a significantly greater effect on SSC in shallow areas than in deep channels. Suspended- sediment data from cmid in Honker Bay, and Mallard Island in the channel, as well as wind speed were filtered using a Butterworth filter to remove frequencies less than 30 hours (Figure 4) . The peaks and valleys seen in the cmid data are consistently reflected in the wind time-series data, indicating that wind-wave resuspension controls SSC in Honker Bay. There is no apparent correlation between the filtered SSC at Mallard Island and the filtered wind data, indicating that the SSC in the deeper channel at Mallard Island was not affected by local wind-wave resuspension or by advection of more turbid water from Honker Bay. Lacy (2000) found that wind has very little impact on the residual velocities throughout most of Honker Bay. One exception to this finding is at the head of Honker Bay, near site back and Spoonbill Creek where westerly winds drive water through Spoonbill Creek due to water level differences between Honker Bay and Suisun Bay across Spoonbill Creek. Warner and others (1997) found that sediment also moves through Spoonbill Creek during these westerly wind events.
Suspended-sediment Flux
To understand the mechanisms moving sediments through and within Honker Bay, the tidally averaged suspended-sediment flux (SSF) was calculated at each station. Tidally averaged SSF (a) is equal to the sum of advective (b), dispersive (c), and
where u is velocity, h is water depth, c is SSC, a prime symbol (c' ) indicates tidal deviation, and an overbar ( _ ) indicates a tidal averaging such that x= -x+x' . During the low flow conditions, SSF was overwhelmingly dominated by the advective component and sediment tended to move in the flood-tide direction ( Figure 5 ). The advective portion of SSF accounted for nearly 70% and approached 80% to 90% of the total SSF during certain periods. Suspended sediments in Honker Bay tend to travel parallel to the mouth of the bay and ultimately exit in the southwest near station hs2. Very little sediment is transported toward the head of Honker Bay near site back. Note that due to equipment problems, concurrent time series of SSF at each of the stations in Figure 5 were not available, but similar low-flow hydrologic conditions were used to develop this conceptual model. This finding is complemented by Lacy's (2000) results showing that advection drives salt flux through Honker Bay and, due to the orientation of the subembayment, ebb tides are relatively small and the flood tide dominates. While wind increases SSC, the response of tidallyaveraged SSF to wind varies spatially in Honker Bay. At site cmid, wind and tidally-averaged SSF are poorly correlated (r 2 = 0.03). Similarly, Lacy (2000) found that wind has very little effect on tidally averaged velocities throughout most of Honker Bay. In a previous study (Cuetara and others 2001) , currents at site hc ( Figure 5 ) were flood-dominant (toward the east and back of Honker Bay) and the primary component of SSF was the advective flux (Warner and others 1997) . Unlike site cmid, however, SSF at hc increased during strong westerly winds. As SSF toward the east increased at hc, SSF toward the south increased in Spoonbill Creek due to wind set-up in the back of Honker Bay. The effect of Spoonbill Creek on Honker Bay is limited to the region near the Creek (at site hc, not site cmid).
Sediment transport in Honker Bay responds differently to wind than the shallow waters of South San Francisco Bay, where a persistent sea breeze induces tidally averaged currents and SSF (Lacy and others 1996) . The sea breeze shifted the direction of SSF 90 degrees and increased the magnitude of SSF by a factor of four. Unlike Honker Bay, South Bay has a deep longitudinal channel (depth approximately 10 m) aligned with the tidal currents and wind. Surface flows and advective flux are in the direction of the wind, resulting in wind set-up, which then produces return flows in the opposite direction in the channel at depth (Walters 1982) . The absence of a deep channel in Honker Bay restricts return flows and diminishes the importance of wind-induced advective flux. Instead of a deep channel, Spoonbill Creek essentially acts as a pathway for relieving wind setup at the head of Honker Bay, but with less impact on subembayment SSF.
CONCLUSIONS
SSC plays an important role in the ecology of San Francisco Bay and understanding its dynamics and variability will lead to further understanding of other components of the estuarine environment. For example, Schoellhamer (1997b) shows that SSC is well correlated to a number of trace metals. Water-quality objectives for trace metals are based on a four-day average, so whether and where an objective is met can be determined by subtidal processes such as SSC response to freshwater pulses and spring winds.
Suspended-sediment concentrations respond differently in shallow water areas than in deep channels to seasonal forces, such as freshwater discharge and wind. During freshwater pulses, particularly during the first freshwater pulse of the season, SSC increases in shallow water areas and deep channels. Shallow subembayments provide temporary off-channel storage for newly arrived sediments and their associated trace elements. Subsequent resuspension of unconsolidated bed sediment by tidal currents in shallow water cause SSC to take longer to return to baseline concentrations than in the deeper channels. Winds tend to increase in the spring thereby, increasing wind-wave resuspension of bed sediments in shallow areas; however, winds have minimal impact on SSC in the channels. Despite wind-wave sediment resuspension in Honker Bay, tidally averaged suspended-sediment flux was controlled by the flood-dominated currents.
The results of this work highlight the importance of sample collection timing. When designing a sampling protocol for parameters that may be associated with SSC, the temporal and spatial patterns of variability must be considered. If these processes are not well understood, it could lead to spurious interpretation of sample results.
